Objective: To investigate the relationship between oxytocin, menopause and obesity. Methods: A cross-sectional analysis on 56 obese (OB; 28 premenopausal) and 53 normal-weight women (NW; 27 premenopausal) was performed by measurement of oxytocin, leptin, adiponectin, gonadotropins, sex steroids, glucose, and lipid homeostasis as well as DXA assessment of fat mass (%FM) and fat-free mass (FFM). Results: Women from NW and OB groups were comparable for age but differed in anthropometric measures. In our cohorts, menopause was not associated with changes in gluco-lipid homeostasis and %FM, while FFM was lower in postmenopausal women from both study groups (p < 0.05). In each group, leptin was unaltered, and adiponectin only marginally changed across menopause, while oxytocin levels were lower in post-than in premenopausal women (NW: p < 0.05; OB: p < 0.005), and lower in OB than NW women, either when assessed as whole groups or if stratified by menopause (p < 0.001). In correlation analysis, inverse associations related oxytocin to menopause, obesity, and adiposityrelated measures. BMI (p < 0.0001) and menopause independently predicted oxytocin levels (p < 0.001), but their interaction was null (p = 0.5). Conclusions: Obesity and menopause are independent negative predictors of plasma oxytocin. Longitudinal studies should clarify the role of oxytocin on weight modifications experienced around and after menopause.
Introduction
Body weight excess affects a growing proportion of the adult population and represents a compelling public health problem [1] . In women, hormone modifications experienced during transition into menopause accompany a shift of body fat distribution from the gynoid to the android type, which is associated with an increase in adipocyte diameter, reduced lipolytic activity, enhanced pro-inflammatory adipokine secretion, and impaired insulin sensitivity [2] . These modifications are critical for the future risk of developing obesity, type 2 diabetes mellitus (T2DM) and cardiometabolic disease [3, 4] .
Estrogens and the estrogen receptor-α (ER-α) are reckoned as essential components of the central network controlling food intake and energy expenditure [5] ; yet the pathophysiological mechanisms relating menopause to adiposity are incompletely understood. Oxytocin, a hypothalamic hormone physiologically implicated in labor [6] and psycho-neural functions [7, 8] , has been increasingly studied for its putative role in the control of energy metabolism [9, 10] . Oxytocin and its receptor are widely expressed in brain areas regulating food intake, such as the hypothalamic paraventricular (PVN) and supraoptic nucleus, and oxytocin expression has been detected in adipocytes and in the gastrointestinal tract, both in rodents and humans [11] [12] [13] [14] . In line with these evidences, knockout of oxytocin receptors and/or oxytocin signaling in rodents promoted the onset of obesity [15] . In contrast, oxytocin administration to obese rats reduced food intake, decreased body weight, and prevented the reduction of energy expenditure typically associated with weight loss [16] .
In humans, oxytocin has shown the potential ability to contrast obesity and its related metabolic disorders [17] . In a placebo-controlled study in healthy men, acute intranasal administration of oxytocin reduced calorie intake and curbed the meal-related rise in plasma glucose devoid of effects on energy expenditure and hunger-driven food intake [18, 19] . Similarly, intranasal oxytocin administration to obese and prediabetic patients resulted in a significant decrease of body weight after 4 and 8 weeks of treatment [20] . In line with these evidences, cohort studies investigating oxytocin concentration additionally found an inverse association between oxytocin and obesity, HbA1C levels, insulin resistance as well as T1DM or T2DM, thus emphasizing the potential negative influence of positive energy states on circulating oxytocin [21] [22] [23] . However, this inference has been recently challenged in a study in premenopausal women with different energy states [24] .
To date, very little is known on the interplay relating oxytocin, menopause, and obesity. Studies in rodents have consistently demonstrated that estrogen deprivation decreases plasma oxytocin levels [25] . In humans, cross-sectional analysis found that oxytocin circulates at lower levels in amenorrheic athlete women than in non-amenorrheic control women [26] . Because menopause constitutes a critical period for changes in body weight and adiposity, we sought to perform a cross-sectional study in pre-and postmenopausal women to assess the interaction between circulating oxytocin, menopause, and obesity.
Participants and Methods

Study Participants
The study originally comprised 60 sedentary obese women (OB group; 30 pre-and 30 postmenopausal) and 60 sedentary normal-weight women (NW group; 30 pre-and 30 postmenopausal). Women from the OB group were recruited between 2014 and 2015 from patients referring to our institution for work-up and rehabilitation of obesity. Women from the NW group were recruited as healthy controls from the hospital staff upon matching for age and menopausal stage. All premenopausal women reported regular menses, whereas postmenopausal women reported loss of menses for at least 12 months along with increased FSH levels ( ≥ 35 ng/ml) and reduced estradiol levels (<40 pg/ml). Of the original study sample, datasets were complete and available for analysis in 56 OB women (28 pre-and 28 postmenopausal) and 53 NW women (27 pre-and 26 postmenopausal) . No woman was taking hormone therapy nor reported premature menopause (<age 40 years), thyroid disorders, previously diagnosed diabetes mellitus, liver or kidney disease, chronic disorders, and psychiatric illness or its treatment. Informed consent was obtained from each participant before inclusion into the study. The study was approved by the clinical research ethics committee of our institute according to the declaration of Helsinki. The study protocol conformed to the guidelines of the European convention on human rights and biomedicine concerning biomedical research.
Anthropometric and Biochemical Analyses
Height and weight were measured with standardized techniques. BMI was expressed as kilograms per square meter. Dual-energy x-ray absorptiometry (DXA) (GE Lunar Corp., Madison, WI, USA) was used for the assessment of fat and lean body mass, expressed as percent fat mass (%FM), trunk %FM and fat-free mass (FFM, kg).
Participants were asked to avoid stressful physical activities for at least 3 days before blood sampling, performed in the morning in fasting conditions. In premenopausal women, blood sampling was obtained in the early follicular phase of the menstrual cycle. Blood samples were separated by centrifugation after clotting, and aliquots of serum or plasma supernatants were processed for routine measurements and stored at -80 ° C until assay. Metabolic analyses included blood glucose, insulin, HbA1c, total cholesterol (TC), highdensity (HDL-C) and low-density lipoprotein cholesterol (LDL-C) and triglycerides (TGL) determined by enzymatic assays (Roche Diagnostics GmbH, Mannheim, Germany). Insulin resistance was calculated by the homeostatic model of insulin resistance (HOMA-IR) index as insulin (mU/l) × (glucose (mmol/l) / 22.5). Women from the OB group underwent oral glucose tolerance test for the screening of T2DM according to American Diabetes Association guidelines [27] . HbA1c levels were determined by a turbidimetric immunologic inhibition assay (TINIA; Boehringer-Mannheim, Mannheim, Germany). A two-site, solid-phase chemiluminescent immunometric assay or competitive immunoassay was used for insulin, estradiol, testosterone, FSH, and LH levels (Immulite 2000 Analyzer; DPC, Los Angeles, CA, USA). Serum adiponectin levels were determined by an enzyme-linked immunoabsorbent assay (DRG Instruments GmbH, Marburg, Germany), the detection limit was 1.56-100 ng/ml, sensitivity was 0.2 ng/ml, inter-and intra-assay CV was 2.4-8.4 and 0.9-7.4%, respectively. Serum leptin concentrations were quantified using a commercially available ELISA kit (Mediagnost GmbH, Reutlingen, Germany) with sensitivity of 0.2 ng/ml as well as inter-and intra-assay CVs of 6.8-8.3% and 5.5-6.9%, respectively.
Plasma oxytocin levels were determined by EIA (Phoenix Pharmaceutical Europe GmbH, Karlsruhe, Germany) according to the manufacturer's instructions, as follows: Prior to processing, plasma samples were added with a commercial protease inhibitor cocktail manufactured by Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) to preserve oxytocin from proteolytic degradation. Subsequently, samples were stored in individual cryotubes to avoid any freeze-thaw cycles, and all samples were analyzed in three consecutive batches within a year. To eliminate interfering molecules and concentrate the sample before analysis, plasma sample were subjected to an solid-phase extraction procedure as recommended by the manufacturer and described by Szeto et al. [28] . For sample extraction, 200 mg C18 Sep-Pak columns (Phoenix Pharmaceuticals, Burlingame, CA, USA) were used and equilibrated with 1 ml buffer B followed by washing with 3 ml of buffer A. Then, 0.8 ml of plasma was acidified with an equal volume of buffer A. After centrifugation (at 17,000 × g for 20 min at 4 ° C), the organic supernatant was applied to the column. The flow-through fraction was discarded; the columns were washed twice with 3 ml of buffer A. Plasma oxytocin was eluted with 3 ml of buffer B. The solvent was then evaporated to dryness in a centrifugal concentrator. Extracted oxytocin was stored frozen (-80 ° C) until all samples were extracted, using the same lot of columns and reagents. For the assay, samples were reconstituted in 0.1 ml (i.e. concentrated 8-fold) using the assay kit buffer and assayed manually according to the manufacturer's instructions. The lowest calibrator concentration for the EIA kit was 0.01 ng/ml, while the minimum detectable concentration was 0.06 ng/ml. Inter-and intra-assay coefficient of variation (CV) was 5.2-14.5% and 8.7-9.1% respectively.
Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics software v.18.0 (SPSS, IBM, Armonk, NY, USA). Values are expressed as means ± standard deviation (SD). Data points not normally distributed were log-transformed to improve the symmetry and homoscedasticity of the distribution. For pairwise comparative analysis, ANOVA between NW and OB groups and the unpaired t-test within each group were used. Pearson's correlation analysis and the chi square test were used to identify significant associations between variables of interest. Regression analyses and analysis of variance for multiple dependent variables by one or more factor variables or covariates were calculated using the general linear model multivariate procedure, comprising of the effects of covariate interactions with the variables of interest. To determine the impact of menopause and obesity (or related hormonal and metabolic variables) on oxytocin levels, different models were attempted, and the following covariates of interest, as well as their interaction, were used if not mutually excluded by the collinearity test: age, estradiol, menopause status (pre = 0; post = 1), body weight (kg), BMI, fat body mass (as percent or kg) and lean body mass (kg). Multivariate linear and logistic regression analysis were used to estimate the coefficients of the linear equation, involving one or more independent variables, that best predict the value of the dependent variable. β coefficients and related significance values obtained from the models are reported. Statistical tests were 2-tailed with p < 0.05 as the threshold level of significance.
Results
A summary of anthropometric and biochemical results obtained in NW and OB groups is reported in tables 1 and 2 , respectively. Analysis of anthropometric variables showed predictable differences in body weight, %FM, trunk %FM, and FFM between NW and OB groups. Compared to the NW group, women from the OB group harbored lower gonadotropins and higher sex steroids concentrations, a less healthy gluco-metabolic profile, and higher insulin resistance. At study entry, naïve T2DM was diagnosed in 14 OB women equally distributed between pre-(N = 7) and postmenopausal women (N = 7). As expected, OB women harbored lower adiponectin and higher leptin levels than NW women. When NW and OB groups were considered separately, pairwise analysis between premenopausal and postmenopausal women showed no difference in %FM and trunk %FM, while FFM was lower in postmenopausal than in premenopausal women in both study groups. While metabolic homeostasis and leptin levels were similar between pre-and postmenopausal women within each cohort, adiponectin levels were slightly higher in postmenopausal conditions, a finding that parallels previous observations in healthy women [29] .
Analysis of circulating oxytocin levels showed markedly lower hormone levels in OB than in NS women, with average oxytocin levels being 3.5-fold lower in the OB group. When groups were analyzed according to the menopausal stage, the intergroup difference in oxytocin levels was 2.7-fold in premenopausal and 5.8-fold in postmenopausal conditions ( fig. 1 ). Accord- Results are expressed as mean ± standard deviation (SD). For statistical significance: ns = not significant; *p < 0.05 and § p < 0.001 between normal-weight and obese groups. FM = Fat mass; FFM = fat-free mass; Trunk FM = indicated the regional percentage of fat mass of trunk.
ingly, oxytocin levels were significantly lower in postmenopausal than in premenopausal conditions both in the NW and OB group, with the difference being particularly robust within the OB group. An analysis restricted to this group showed no difference in oxytocin concentrations between normoglycemic OB women and OB women diagnosed with naïve T2DM (1.0 ± 0.7 vs. 0.7 ± 1.0). Results are expressed as mean ± standard deviation (SD). For statistical significance: ns = not significant; *p < 0.05 and § p < 0.001 between normal-weight and obese groups.
HOMA-IR = Homeostatic model of insulin resistance; TC = total cholesterol; LDL = low-density lipoprotein; HDL = high-density lipoprotein; FSH = follicle stimulating hormone; LH = luteinizing hormone; PRL = prolactin; E2 = total estradiol. Correlation analysis on the entire population and separate groups is shown in table 3 . A significant inverse association between oxytocin and the menopausal status (pre = 0, post = 1), but not with estradiol, testosterone or gonadotropins levels, was observed. A strong inverse association related oxytocin levels to indices of adiposity and metabolic homeostasis, including body weight and BMI, %FM, trunk %FM and FFM, glucose homeostasis and insulin resistance, triglycerides levels as well as leptin and adiponectin levels ( fig. 2 ) . In contrast, oxytocin and HDL cholesterol levels were directly correlated. When age, BMI, estradiol, menopause, and insulin resistance were controlled for, the aforementioned associations were abrogated, thereby confirming the blunting effect of obesity and menopause-related variables on oxytocin. When separating NW and OB groups, associations were generally weaker and correlations were only significant between oxytocin and age (NW r = -0.32, p < 0.05; OB r = -0.33, p < 0.05), menopause (NW r = -0.28, p < 0.05; OB r = -0.37, p < 0.05) and, in the OB group, estradiol levels (r = 0.28, p < 0.05).
Stepwise multivariable regression analysis and general linear model analysis were carried out to identify potential independent predictors of circulating oxytocin. Both BMI (β = -0.51, p < 0.0001) and menopause (β = -0.28, p < 0.001) acted as independent predictors of oxytocin levels (adjusted R 2 = 0.32). Nevertheless, their interaction was null (F = 0.34, p = 0.5).
Discussion
Oxytocin is a hypothalamic neuropeptide involved in parturition and increasingly studied for its role in psychological behavior [8] . Recent preclinical and clinical studies have focused on oxytocin as a conditional anorexigen with pivotal regulatory actions on energy homeo- stasis [30] . The results of our study depict an association between menopause and plasma oxytocin concentrations both in normal-weight and severely obese women. Specifically, plasma oxytocin levels were significantly higher in premenopausal women compared with postmenopausal women. Notably, obesity and its related variables yielded an even stronger negative effect on oxytocin concentrations, such that all indexes of overall and central obesity, FFM, insulin resistance, lipid homeostasis, and leptin were inversely associated with plasma oxytocin concentrations. Multivariate analysis revealed that BMI and menopause were significant and independent negative predictors of circulating oxytocin. These findings could support a new role for oxytocin in the control of body weight after menopause.
Mid-life is a critical period for many women transitioning into menopause due to changes in body weight, visceral fat accumulation, and cardiometabolic health [3, 4, 31] . A mechanistic interplay linking oxytocin, hypoestrogenism, and adiposity has been suggested in animal studies showing that: i) ovarian hormone deprivation plays a critical role on oxytocin activity and its expression in the hypothalamic nuclei involved in the control of food intake [25] ; ii) hypothalamic and circulating oxytocin are associated with fasting-feeding cycles [32] ; iii) weight gain accompanying ovariectomy is blunted by exogenous oxytocin administration [33] ; iv) gene knockout of oxytocin and its receptor promotes obesity [15] ; v) carriers of mutations related to Sim1 haplo-insufficiency and MAGED1 deficiency harbor low hypothalamic expression of oxytocin and obesity [34, 35] . Complimentarily, oxytocin levels have been found decreased in most but not all animal models of obesity and T2DM, including dietinduced-obesity (DIO) and carriers of leptin deficiency [16, 36, 37] . In cohort studies, oxytocin levels are reportedly similar between genders [22] as well as with regard to decline with age [38] , and decrease in obesity and newly diagnosed T2DM [23] . Concordant with evidence that estrogen loss decreases oxytocin levels, our current results show that oxytocin levels are lower in postmenopausal than premenopausal women both in normal-weight and obese conditions, suggesting that an inverse association relates oxytocin to menopause independently of obesity. Herein, a correlation between oxytocin and estradiol levels could only be recorded in the obese group, likely due to the enhanced aromatase activity associated with obesity [31] . Because oxytocin secretion is clearly affected by mechanism related to the hypothalamus-pituitary-gonadal system and estradiol has been shown to positively modulate oxytocin levels at the central level in animal models [5] and at the peripheral level in humans [39] , we are inclined to explain the lack of correlation between oxytocin and estradiol in the whole dataset as the result of the cross-sectional design of our study, the relatively small study sample and, possibly, the use of an enzyme-linked immunoassay instead of the recommended mass spectrometry-based assay for estradiol determination [40] .
A potential link between oxytocin and body weight changes at menopause is provided by our finding of an inverse association between oxytocin and obesity or its related variables. On average, oxytocin levels were 3.5-fold lower in obese compared to lean women, and this difference was more evident in postmenopausal conditions, when oxytocin was detected at the lowest concentrations. In multivariable analysis, only BMI and menopause entered the regression equation, although this model could only explain 32% of the variability in oxytocin levels, implying that additional mechanisms contribute to control oxytocin secretion around the menopause. It is intriguing to note that the interaction between BMI and menopause was null, thus suggesting that their effect is independent but potentially synergistic. Also other adiposity indexes were inversely related to oxytocin levels, such as gluco-lipid homeostasis, leptin levels, FM, trunk FM and FFM. In naïve T2DM women, totaling 25% of this obese cohort, oxytocin levels paralleled those recorded in non-diabetic ones, a finding that partly disagrees with previous evidence of lower oxytocin levels in T2DM [22] . In this regard, we hypothesize that the high BMI values of our obese patients could have yielded a broad bulky effect on oxytocin secretion. To date, oxytocin levels in obesity have been found decreased [18] , unchanged [41] , or even increased [24] as compared to controls. Several reasons could contribute to explain these discrepancies, such as differences in study cohorts, gender prevalence, degree of obesity, sampling procedures, and analytical methodologies [21, 28] . In a recent cross-sectional investigation on premenopausal women, mean nocturnal concentrations of non-extracted oxytocin were found to be higher in mildly obese compared to lean eumenorrhoic women [24] . The elaborated sampling procedure associated with this investigation significantly expands current knowledge on premenopausal oxytocin secretion [24] . However, it is worth mentioning that obesity alters nocturnal secretory orderliness of feedingrelated hormones [42] , and mean nighttime levels only partially reflect the nocturnal dynamics of hormone secretion [42] [43] [44] . Thus, a true comparison between results originating from different investigational procedures seems challenging. It would have been stimulating to test non-extracted oxytocin in our subjects to thoroughly compare our results with findings previously described by others [24] . In a search for potential explanatory mechanisms related to our findings, we noted a robust inverse correlation between oxytocin and leptin levels. This relationship is currently argued [10, 26, 45] and has been shown to be positive in premenopausal women with T1DM [23] and postmenopausal women with osteoporosis [21] . Although leptin and oxytocin act synergistically at the central level to inhibit food intake [19, 45] , obesity alters this interplay [16, 46] , and oxytocin administration to obese mice or humans reduces caloric intake devoid of leptin resistance, leading to hypothesize that oxytocin control of body weight could occur independently of leptin-sensitive circuitries [18, 47, 48] .
Conclusion
In summary, our study shows that oxytocin levels are decreased in postmenopausal women compared to premenopausal ones, both in the lean and obese state, and that independent negative associations relate oxytocin to menopause and, more robustly, to obesity. Longitudinal studies could inform on intrinsic mechanisms relating oxytocin to body weight across menopause.
